Immobilization of chiral bis(oxazoline)-copper complexes by electrostatic interactions with anionic supports leads to recyclable catalysts for aziridination between styrene and (ptoluensulfonylimino)phenyliodinane as a nitrene precursor. Although the yields are good in all the cases, enantioselectivity depends on the nature of the chiral ligand. With a bis(oxazoline) bearing phenyl substituents, the enantioselectivity is always around 25% ee, as in solution. When the chiral ligand has tert-butyl groups, enantioselectivity is noticeably lower than that observed in homogeneous phase as a consequence of the presence of free copper on the solid.
Introduction
The importance of aziridines comes not only from their presence in many natural products but also from their use as building blocks in the synthesis of nitrogen-containing compounds, and as chiral auxiliaries or ligands in asymmetric synthesis. 1, 2 In spite of this importance, the studies on the enantioselective preparation of aziridines are rather scarce, particularly when compared with the development of epoxidation chiral catalysts.
3 Bis(oxazoline)-copper complexes were tested by Evans and coworkers as chiral catalysts in the aziridination of alkenes with nitrene precursors, 4 and modifications on the tether between the oxazoline rings were later described. 5 It has been more recently reported that the results with the same type of catalyst can be improved by using a better nitrene precursor. 6 Our group has shown that bis(oxazoline)-copper complexes, immobilized by electrostatic interactions on anionic supports, are efficient and recoverable catalysts for enantioselective cyclopropanation reactions. [7] [8] [9] In this paper we explore the use of these solids to promote enantioselective aziridination between styrene and (p-toluensulfonylimino)phenyliodinane (Scheme 1). 
Results and Discussion
Based on previous cyclopropanation results, bis(oxazoline)-copper(II) complexes were immobilized on three different anionic supports: laponite, a synthetic clay; SAC-13, a nafionsilica nanocomposite with 13% nafion content; 10 (Table 1) shows that the loading of complex depends on the structure of the chiral bis(oxazoline) ligand and the nature of the solid support. On laponite the copper content is lower in the case of ligand 5 because the complex is exchanged only on the external part of the solid, whereas part of the 4-Cu(II) complex is intercalated between the clay sheets. 8 The loading on SAC-13 is very low, in agreement with the low functionalization of the solid (only 13% nafion). In the case of SiO 2 -CF 2 SO 3 H, the loading of 4-Cu(II) exceeds the theoretical amount with total exchange (0.25 mmol/g from 0.5 meq/g). Sulfur analysis of the residue after exchange shows that part of the triflate remains on the solid, probably due to substitution of only one of the triflate counter-ions of 4-Cu(OTf) 2 with the anionic centers of the solid. Several authors have described that the reaction results are strongly dependent on the reaction conditions, 4, 6, 12 in particular the relative amounts of styrene, nitrene precursor, Cu salt and chiral ligand. Therefore we tried to optimize the results in homogeneous phase before applying the immobilized catalysts. This preliminar study was carried out with the less expensive ligand 4, and the results obtained are gathered in Table 2 . higher yields and enantioselectivities have been described. 13 The optimal conditions were 5% Cu catalyst (ligand/Cu = 1.2) and styrene/2=5. Although enantioselectivity was not high, 24% ee with (R)-2-phenyl-1-(p-toluensulfonyl)aziridine (3R) as the major enantiomer, it can be improved up to 55% ee by using ligand 5 with the same direction in enantioselection, in agreement with previous results described in the literature. 4 In view of these results, heterogeneous reactions were carried out under the same conditions and the results are gathered in Table 3 . As can be seen, the aziridination is efficiently promoted by the catalysts immobilized by ionpairing with anionic supports. Yields are not far from those obtained in homogeneous phase under similar conditions, even using amounts of catalyst as low as 0.6%. A first advantage of heterogeneous over homogeneous catalysts is that it is possible to reuse them with nearly the same isolated yields. When bis(oxazoline) 4 is used in heterogeneous phase, the enantioselectivity of aziridination is not dependent on the type of support. In all the cases values around 25% ee are obtained, both with the freshly prepared and the reused catalysts, very similar to those obtained in solution with the same chiral ligand. As the major enantiomer is again 3R, we can conclude that the support does not play any role in the stereochemical course of the reaction. Although laponite had shown important effects on the related cyclopropanation reaction with the same type of catalyst, 15 in this case the use of a solvent with rather high dielectric constant such as acetonitrile precludes any complex-surface close interaction. Given that the enantioselectivity in solution is higher with ligand 5, the immobilized 5-Cu(II) complex was also tested in the aziridination reaction. Unfortunately no enantioselectivity was obtained with laponite or SiO 2 -CF 2 SO 3 H supports. The behavior of the immobilized complexes follows the same trend as in the case of cyclopropanation reactions, that is the same enantioselectivity both in homogeneous and heterogeneous phase with 4-Cu but a drastic reduction of enantioselectivity upon immobilization of 5-Cu. As the mechanisms of asymmetric aziridination 16 and cyclopropanation 17 seem to be different, this behavior must be related with the nature of the chiral bis(oxazoline) ligand. The bis(oxazoline) content of the solids can be estimated from the nitrogen analysis. In the case of 4-Cu complex supported on SiO 2 -CF 2 SO 3 H N/Cu ratio has the expected value of 2, accounting for the similarity between homogeneous and heterogeneous results. On the contrary, in the case of ligand 5 the N/Cu ratio is only 0.7, indicating that an important part of the copper centers are free of chiral ligand. The higher activity of this type of center, as shown by the result with SiO 2 -CF 2 SO 3 Cu (entry 2 in Table 3 ), accounts for the lack of enantioselectivity. The justification is more complicated in the case of laponite, given that the nitrogen analysis fits well with the exchange of the whole 5-Cu complex.
In that case the use of acetonitrile, a solvent with high coordinating ability, may favor the substitution of the bis(oxazoline) with solvent molecules in the copper environment, creating in this way non-chiral active sites. In order to confirm this hypothesis the reaction was carried out with laponite-supported 5-Cu in styrene as solvent. In this case a modest 18% ee was obtained, in agreement with the result reported with an analogous zeolitic catalyst. 14 The use of styrene as a solvent increases the enantioselectivity but reduces the yield, in spite of using a large excess of one reagent. This fact, which is due to the low solubility of the nitrene precursor, together with the only partial restoring of the selectivity, precludes the use of other solvents with low dielectric constant. It can be concluded that the immobilization of 5-Cu complex by electrostatic interactions cannot be properly performed due to its low binding constant, leading to the presence of free copper on the solid which noticeably reduces the enantioselectivity obtained with the supported catalyst.
Experimental Section
General Procedures. 2,2'-Isopropylidenebis[(4S)-4-phenyl-2-oxazoline](4) and 2,2'-isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline] (5) were purchased from Aldrich. Laponite was obtained from Laporte Adsorbents. SAC-13 and SiO 2 -CF 2 SO 3 H were obtained from DuPont.
(p-Toluensulfonylimino)phenyliodinane (2) was obtained from p-toluensulfonamide and diacetoxyiodobenzene.
18
Preparation and characterization of the catalysts Preparation of the sodium form of the nafion-like supports. Prior to exchange with the chiral catalyst, SAC-13 and SiO 2 -CF 2 SO 3 H were transformed into their sodium forms by passing 2M aqueous NaCl through a column of the solids until neutral pH was obtained. The solids were then washed with deionised water and dried under vacuum at 150 °C overnight. Preparation of immobilized copper catalysts. To a solution of the bis(oxazoline) (1 mmol) in methanol (20 mL), was added 1 mmol of Cu(OTf) 2 . Laponite (1 g) was slowly added to the above blue solution and the suspension was stirred at room temperature for 24 h. The solid was filtered off, thoroughly washed with methanol and then with dichloromethane, and dried under air before use. The same procedure was used with the sodium form of nafion-like supports. Characterization of the catalysts. Copper analyses were carried out by plasma emission spectroscopy on a Perkin-Elmer Plasma 40 emission spectrometer. Nitrogen analyses were carried out on a Perkin-Elmer 2400 elemental analyzer. Transmission FTIR spectra of selfsupported wafers evacuated (< 10 -4 Torr) at 50 °C were recorded with a Mattson Genesis Series FTIR spectrophotometer. Surface areas were determined by N 2 adsorption (BET) using a Micromeritics ASAP 2000 apparatus.
Aziridination reactions 2,2'-Isopropylidenebis[(4S)-4-phenyl-2-oxazoline] (4).
(16.7 mg, 0.05 mmol) and Cu(OTf) 2 (21.7 mg, 0.06 mmol) were dissolved in anhydrous dichloromethane (4 mL) at room temperature. This solution was passed through a microfilter and the solvent was evaporated under reduced pressure. The residue was dissolved in anhydrous acetonitrile (3 mL) and it was added under Ar atmosphere to a suspension of (p-toluensulfonylimino)phenyliodinane (2) (373 mg, 1 mmol) in a solution of styrene (520 mg, 5 mmol) in anhydrous acetonitrile (10 mL). The reaction mixture was stirred at room temperature for 24 h and ethyl acetate (25 mL) was added. The resulting solution was filtered through a celite pad, which was washed with ethyl acetate (50 mL). The solvent of the combined organic solutions was evaporated under reduced pressure and the residue was purified by column chromatography on silica gel (dichloromethane/hexanes = 6:4) and the weight of pure aziridine was used to calculate the isolated yield. A racemic mixture for spectroscopic characterization and chromatographic analysis was obtained from a reaction without chiral ligand under the same conditions. 1 The rest of the homogeneous reactions were carried out in the same way by changing the relative amounts of reagents and catalyst (see Table 2 ). In the case of heterogeneous reactions, the dried (50ºC under vacuum overnight) solid catalyst was directly added to the suspension of (p-toluensulfonylimino)phenyliodinane in the solution of styrene in anhydrous acetonitrile. After 24 h, the catalyst was filtered, washed with acetonitrile (10 mL) and dried to be reused in the same way. The solution was treated (ethyl acetate, celite filtration and column chromatography) as in the case of homogeneous reactions.
